Background: Special diphenyl-pyrazole compounds and in particular anle138b were found to reduce the progression of prion and Parkinson's disease in animal models. The therapeutic impact of these compounds was attributed to the modulation of α-synuclein and prion-protein aggregation related to these diseases. Methods: Photophysical and photochemical properties of the diphenyl-pyrazole compounds anle138b, anle186b and sery313b and their interaction with monomeric and aggregated α-synuclein were studied by fluorescence techniques. Results: The fluorescence emission of diphenyl-pyrazole is strongly increased upon incubation with α-synuclein fibrils, while no change in fluorescence emission is found when brought in contact with monomeric α-synuclein. This points to a distinct interaction between diphenyl-pyrazole and the fibrillar structure with a high binding affinity (K d = 190 ± 120 nM) for anle138b. Several α-synuclein proteins form a hydrophobic binding pocket for the diphenyl-pyrazole compound. A UV-induced dehalogenation reaction was observed for anle138b which is modulated by the hydrophobic environment of the fibrils. Conclusion: Fluorescence of the investigated diphenyl-pyrazole compounds strongly increases upon binding to fibrillar α-synuclein structures. Binding at high affinity occurs to hydrophobic pockets in the fibrils. General significance: The observed particular fluorescence properties of the diphenyl-pyrazole molecules open new possibilities for the investigation of the mode of action of these compounds in neurodegenerative diseases. The high binding affinity to aggregates and the strong increase in fluorescence upon binding make the compounds promising fluorescence markers for the analysis of aggregation-dependent epitopes.
Introduction
In several neurodegenerative disorders like Parkinson's and prion diseases the abnormal aggregation of proteins into highly ordered structures so called amyloids can be observed [1, 2] . These aggregates, located in the brain of infected individuals, are characterized by a cross-β-sheet protein structure and a fibrillar morphology under the electron microscope. The amyloid aggregates are considered to play an important role in the pathogenesis of neurodegenerative diseases [3] [4] [5] [6] [7] . Furthermore, recent experiments pointed out that not only the fibrillar structures but especially the formation of smaller, highly cytotoxic oligomeric forms [8] might lead to neuronal loss [9] [10] [11] [12] . At present, the mechanism by which protein aggregation to fibrillar and oligomeric structures leads to dysfunction of neurons and neuronal loss is not really known.
A promising progress for the development of new pharmaceutical agents and for a better understanding of the origin of neurodegenerative diseases is the investigation of small organic compounds that modulate the disease related protein aggregation [1, [13] [14] [15] . Based on this approach diphenyl-pyrazole (DPP) compounds, in particular anle138b, were identified recently as new pharmaceutical agents for the treatment of prion and Parkinson's diseases, where the aggregation of prion and α-synuclein proteins plays an important role [16] [17] [18] . The potential of the DPP compounds to modulate prion protein aggregation was first discovered in high throughput fluorescence correlation screenings by Scanning for Intensely Fluorescent Targets (SIFT) [13, 19, 20] and in prion cell culture assays [17, 20, 21] . After extensive medicinal chemistry optimization using SIFT and the prion cell culture assay, further SIFT experiments also showed the potential of the compounds to inhibit α-synuclein aggregation. The most promising molecules were tested in various mouse models of prion and Parkinson's diseases. Pronounced 
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Biochimica et Biophysica Acta j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / b b a g e n prolongation of the survival time and the disease free survival respectively could be observed for several DPP-compounds, in particular for anle138b [16, 17, 20] . Examination of brain extracts revealed a reduction of aggregated species of the prion and α-synuclein proteins [16, 18] . These observations suggested that in vivo the mode of action of the DPP-compounds is based on the modulation of protein aggregation [16] . However, the molecular details of aggregation modulation and the interaction of the DPP-compounds with monomeric or aggregated forms of proteins remain to be elucidated.
In this paper we investigate by fluorescence spectroscopy the interaction of α-synuclein as monomers and fibrils with different potential pharmaceutical agents of the 3,5-diphenyl-pyrazole (DPP) type. These compounds bind to fibrillar structures and show a strongly increased fluorescence emission upon binding, which could be used for targeting and diagnostic purposes. We determine binding parameters and investigate the photoreactions of the therapeutically most efficient compound anle138b.
Materials and methods

Fluorescence measurements
All fluorescence measurements were carried out in fused silica cuvettes (Hellma 10 × 4 mm, Typ 117.04F-QS) with a fluorescence spectrometer (Horiba Fluorolog3), equipped with an anisotropy module (FL-1044). The excitation wavelength was set to 300 nm, where all investigated compounds show a pronounced absorption band. To establish the homogeneity of the solutions a home-built steering system was used for all measurements. The emission spectra and titration data for the determination of binding parameters were recorded in front-face geometry (anisotropy measurements in right angle geometry) with a low excitation power of 2 μW (excitation monochromator settings: 0.4 nm bandwidth, emission monochromator settings: 8 nm bandwidth). For these settings the precision of the fluorescence measurements is limited. However with this low excitation power, light induced modifications of the samples can be avoided. To increase the precision of the emission spectra of the compounds the weak fluorescence of the corresponding solvent or protein solution was subtracted for all measurements. For the investigation of the compounds in different solvents 50 μM and 25 μM solutions of the molecules in DMSO (Uvasol, Merck) were prepared. These solutions were diluted 1:100 (v/v as always used in the following text) to obtain a 500 nM concentration in toluene (Uvasol, Merck) and glycerin/H 2 O (Sigma, LiChrosolv) (80:20) or a 250 nM concentration of the compounds in buffer (50 mM Tris-HCl, pH 7). The measurements were performed at these low concentrations since the solubility of the compounds in aqueous solutions is limited to the sub-micromolar regime (see SI). At such a small solubility the high sensitivity of fluorescence spectroscopy is required to perform a detailed analysis of the interaction of the compounds with target proteins.
For fluorescence and anisotropy measurements on anle138b with monomeric and aggregated proteins the compound was first dissolved to 10 mM in DMSO and then directly diluted to 250 nM in buffer (50 mM Tris-HCl, pH 7). 800 μl of this 250 nM anle138b solution with 0.0025% DMSO was filled in two cuvettes (cuvette 1 and cuvette 2). Monomeric (50 μM) and fibrillar (about 13 μM protein concentration) α-synuclein solutions were added to cuvettes 1 and 2 respectively to yield a concentration of about 4 μM α-synuclein in each cuvette. The same amount of proteins was added to identical reference cuvettes (cuvette 3 and cuvette 4) containing only 800 μl buffer and fluorescence and anisotropy measurements were performed. The small emission from the reference cuvettes 3 and 4 was subtracted from the corresponding emission of cuvettes 1 and 2. The measurements of sery313b and anle186b in combination with monomeric and fibrillar α-synuclein were performed with an equivalent procedure.
For quantitative analysis of the binding of anle138b to α-synuclein fibrils three different solutions of 10 μM, 25 μM and 50 μM anle138b in DMSO were prepared. These solutions were diluted directly into three cuvettes containing buffer (50 mM Tris-HCl, pH 7) to yield an anle138b-concentration of 100 nM, 250 nM and 500 nM respectively and 1% DMSO. In addition a reference cuvette was prepared containing only buffer and 1% DMSO. Subsequently the same amount of a fibrillar stock solution was added to all cuvettes and the fluorescence was recorded at 345 nm. The fluorescence of the reference cuvette was subtracted. This experiment was performed with a fibrillar stock solution of P s = 52 μM protein concentration and P s = 21 μM in an independent control experiment (see SI).
For the investigation of the photoreactions of anle138b, the 300 nm light of the spectrofluorometer was used for fluorescence excitation and also for the illumination of the compounds. For this purpose the settings of the spectrofluorometer were modified: All measurements were performed in right angle geometry with an excitation power of 30 μW (excitation monochromator settings: 0.8 nm bandwidth, emission monochromator settings: 2 nm bandwidth). Three cuvettes (cuvettes 5, 6 and 7) containing 800 μl of 250 nM anle138b in buffer (50 mM Tris-HCl, pH 7) with 0.0025% DMSO were prepared as mentioned above. Small amounts of stock solutions containing α-synuclein monomer (50 μM) or fibrils (about 24 μM protein concentration) were added to cuvettes 5 and 6 to yield a concentration of 6.8 μM and 3.2 μM α-synuclein respectively. The three cuvettes were illuminated with 300 nm (30 μW) for 45 min. During illumination the fluorescence at 345 nm was measured every 22 s. Corresponding reference cuvettes with buffer (cuvette 8) and with the equal amount of α-synuclein monomer in buffer with 0.0025% DMSO (cuvette 9) and fibrils in buffer with 0.0025% DMSO (cuvette 10) were measured under identical conditions. These reference measurements were subtracted from the corresponding data of the measurements with anle138b.
The time resolved fluorescence measurements were performed with a Hamamatsu streak camera (C5680-24 C) and a femtosecond laseramplifier-system (Clark CPA 2001, 180 fs, 778 nm, 1 kHz). For the excitation of the compound 300 nm light pulses (pulse energy 40 nJ) were generated by a noncollinear optical parametric amplifier. The compound sery313b was first dissolved in DMSO (50 μM) and diluted to 500 nM in water for the time resolved measurement (see details in the supporting information).
Absorption measurements
All absorption measurements were performed in fused silica cuvettes (Hellma 10 × 4 mm, Typ 117.04F-QS, optical path length 4 mm) with a Shimadzu UV 1800 absorption spectrometer. The compounds anle138b, anle186b and sery313b were dissolved in ethanol (Uvasol, c = 10 μM) and stirred during the measurements. To avoid the formation of photoproducts, low illumination intensities were chosen.
The concentrations of the α-synuclein proteins in the fibrillar solutions were determined via measurements of the tyrosine absorption (extinction coefficient at 280 nm 1209 M −1 cm
Data analysis
For the quantitative analysis of the dissociation constant K d and the binding stoichiometry i.e., the number B of proteins in the aggregate required to form one binding site, the fluorescence amplitude F(A 0 , P) was recorded as a function of the total concentrations of anle138b (A 0 ) and α-synuclein (P). In the analysis it is assumed that only anle138b molecules bound to protein lead to a detectable fluorescence signal, while the emission of unbound anle138b is negligible (see below for a justification). Thus the fluorescence amplitude is proportional to the concentration A b of bound anle138b, F(A 0 , P) = F = y · A b . The concentrations were analyzed according to the law of mass action.
A u describes the concentration of the unbound anle138b molecules. P u is the concentration of the free binding sites in the solution, which can be expressed by the total α-synuclein concentration P, the number B, and the concentration A b of the bound compound. The addition of the aggregated proteins to the cuvette reduces the concentration A u of unbound anle138b and increases the fluorescence. In the experiment the actual concentration of anle138b A 0 is determined by the initial anle138b concentration in the solution a s , and the dilution by the addition of the solution containing the aggregated α-synuclein. For a protein concentration P s of the stock solution of aggregated proteins and the actual protein concentration P in the cuvette one obtains: A 0 = a s ⋅ (1 − P/P s ). Elimination of A 0 and A b in Eq. (1) leads to:
The measurement of the fluorescence F for different α-synuclein concentrations P and different values a s yields a set of experimental data. A fit of these experimental data to Eq. (2) allows the determination of the parameters K d , B and y using a global fitting procedure (Mathematica Wolfram, NonlinearModelFit). Due to the small solubility of anle138b in aqueous solutions, to adhesion effects and to the limited accuracy of the dilution process, there are uncertainties in the values of the concentration a s which are considered in the fitting procedure (see SI).
The reaction quantum yield for the photoreaction of anle138b was calculated from the light induced fluorescence increase (see Fig. 4 ) as described in the supporting information.
Protein preparation 2.4.1. Expression and purification of recombinant wildtype α-synuclein
Expression and purification were performed as described previously [23] . Briefly, pET-5a/α-synuclein (136TAT) plasmid (wt-plasmid by Philipp Kahle, LMU Munich; 136-TAC/TAT-Mutation by Matthias Habeck) was used to transform Escherichia coli BL21(DE3)pLys (Novagen, Madison, WI, USA), and expression was induced with isopropyl ß-D-1-thiogalactopyranoside (IPTG, Peqlab, Erlangen, Germany). Cells were lysed by boiling after heat-inactivation of proteases. After centrifugation the supernatant was filtered through a Filtropur S 0.2 filter (Sarstedt, Nümbrecht, Germany), loaded on a HiTrap Q HP anionexchange column (5 ml, GE Healthcare, Munich, Germany) and eluted with a linear 25 mM to 500 mM NaCl-gradient. The synuclein-fraction was gel filtrated via a Superdex 75 prep grade column (25 ml, GE Healthcare, Munich, Germany) and protein concentration was assessed to 1 mg/ml in 50 mM Tris-HCl, pH 7. After freezing in liquid nitrogen the protein was stored at −80°C.
Fibrillization of recombinant wildtype α-synuclein
As described previously, fibrillization was induced by agitation at high protein concentrations [24, 25] . Briefly, 1 mg/ml α-synuclein in 50 mM Tris-HCl, containing 100 mM NaCl, 0.02% NaN 3 , pH 7 was incubated for 96 h at 37°C and 1400 rmp using an Eppendorf Thermomixer Comfort (Eppendorf, Hamburg, Germany). After freezing in liquid nitrogen fibrils were stored at − 80°C. In this preparation protocol α-synuclein fibrils are formed, as validated by electron microscopy and ThT fluorescence (see SI).
LC-MS
Analytical and preparative high performance liquid chromatography (HPLC) was performed by using a Waters HPLC system with a Waters 996 Photodiode Array Detector. All separations involved a mobile phase of 0.1% trifluoroacetic acid (TFA) (v/v) in water (solvent A) and 0.1% TFA in acetonitrile (solvent B). HPLC was performed by using a reversed-phase (RP) column Eurospher RP 18, 100 Å, 5 μm, 250 × 4.6 mm (analytical) and 250 × 16 mm (preparative) at flow rates of 1 ml·min −1 (analytical) and 7 ml·min −1 (preparative). Electrospray ionization mass spectrometry (ESI-MS) and liquid chromatography/ mass spectrometry (LC/MS) analyses were obtained by using a Waters Micromass ZQ 4000 mass spectrometer in conjunction with the Waters HPLC apparatus described above.
Results and discussion
Absorption and emission properties
The photophysical properties and the interaction of 3,5-diphenylpyrazole (DPP) compounds with α-synuclein protein are investigated in detail for the three compounds anle138b, sery313b and anle186b (see Scheme 1) . The UV/Vis absorption spectra of the compounds (dissolved in ethanol) are given as insets in Fig. 1a, b , and c. The absorption spectra of the three compounds are similar. They depend weakly on the solvent properties (see SI). The absorption spectra show a pronounced band at about 270 nm and a shoulder around 300 nm. Here the molar extinction coefficient ε is in the order of ε~10,000 l/(cm mol). Strength and position of the observed absorption bands point to a delocalized electronic system. The fluorescence properties of the DPP-compounds in different solvents are shown in Figs. 1 and 2 for excitation in the long-wavelength absorption band at 300 nm. Considering potential photochemical reactions of the DPP-compounds (see below for a detailed description) we used very weak illumination powers which lead to a limited precision of the fluorescence measurements. The curves of Fig. 1a, b and c show the fluorescence spectra of anle138b, sery313b and anle186b in a glycerol-water mixture (red, 500 nM) and in toluene (blue, 500 nM). The spectra of the compounds (250 nM) in aqueous buffer (black) are scaled by a factor of two, to allow a direct comparison to the spectra in toluene and glycerol/water. In aqueous buffer the fluorescence quantum yield (QY) of anle138b is very small (QY b 0.5%) and no significant fluorescence can be detected with the measurement settings used. The emission of sery313b and anle186b is stronger and readily detected. The spectra in aqueous buffer extend from 330 nm to over 500 nm with two broad peaks around 340 nm and 420 nm. The fluorescence quantum yields (QYs) are considerably larger than that of anle138b. We find values of QY = (17.3 ± 6.6) % for sery313b and QY = (8.6 ± 6.6) % for anle186b. When anle138b is dissolved in solvents, which are less polar than water or have a higher viscosity, one finds larger amplitudes of the fluorescence emission and a changed emission spectrum. For toluene (which has the smallest polarity, dielectric constant DC = 2.39 and a viscosity η = 0.59 mPa s [26] ), we find the peak around 335 nm. In the more viscous glycerol-water mixture (DC ≈ 50.6 and η ≈ 45.9 mPa s at 25°C [27, 28] ) the peak is red-shifted by ca. 7 nm and an extended red wing of the fluorescence appears. Similar spectral changes are observed for the other DPP-compounds sery313b and anle186b (see Fig. 1b and c) . Most significant is the strong change in the fluorescence emission when these compounds are dissolved in polar solvent water. Here a red wing emission, poorly visible in the less polar solvents, dominates the fluorescence.
The strong solvent dependence of the fluorescence emission of the pharmaceutically active DPP-compounds implies that fluorescence can be used to monitor the interaction with α-synuclein. In a first step, the DPP-compounds were investigated in combination with monomeric α-synuclein. The addition of different amounts of monomeric proteins to the DPP-compounds in aqueous buffer did not lead to a significant change of the fluorescence properties (see Fig. 1, right) . These observations give no indication for a specific interaction or binding between monomeric α-synuclein and the DPP-compounds. The situation is different for fibrils. As shown in Fig. 1d to f, the addition of fibrils is leading to a change in the fluorescence spectrum and to a strong increase in the fluorescence intensity around 335 nm for all DPP-compounds. For sery313b and anle186b the fluorescence increase upon binding occurs around 335 nm and is correlated with the decrease of the red wing fluorescence at λ N 385 nm. The strong changes in the fluorescence properties of the DPP-compounds support the idea of a specific binding to fibrillar structures at a location well shielded from the aqueous solution. This is evident from the comparison of the fluorescence spectra from anle138b in aqueous solution containing α-synuclein fibrils and the spectrum obtained in the nonpolar solvent toluene. Both samples exhibit the same position of the emission peak (Fig. 2b ) while a shift is seen for anle138b in the more polar mixture of glycerol/water (see Fig. 2a ). Qualitatively, the same behavior could be observed for sery313b and anle186b (see SI).
A rise in fluorescence quantum yield of small aromatic molecules upon binding to amyloid fibrils is well known from molecules like thioflavin or N-arylaminonaphtalene sulfonates [29] [30] [31] . For these molecules the increase in fluorescence is assumed to originate from the rigid and/or hydrophobic environment at the binding site of the aggregates [30] [31] [32] . Although these compounds have been studied extensively, the fluorescence mechanism and the origin of the fluorescence increase upon binding are still controversial [31, [33] [34] [35] . For the DPPcompounds one may assume that a rigid environment at the binding sites of the fibrillar aggregates [30] could reduce the intrinsic flexibility of the compounds and with that could slow down internal conversion processes. An alternative explanation would refer to the changes of polarity in the binding pocket. This has been shown recently for indigo compounds where hydrogen bonds and a hydrogen transfer strongly accelerated internal conversion [36] . In addition, photochemical reactions (see below) may reduce the lifetime of the fluorescent state. All these processes can change the lifetime τ of the excited DPPmolecules and would explain the observed strong increased fluorescence intensities upon binding to the fibrils.
Further information on binding of the DPP-compounds to the fibrils is obtained from studies of the fluorescence anisotropy. The fluorescence anisotropy r (see Table 1 ) recorded in polarized emission experiments may contain information on the rotational correlation time θ of the molecules [37] . Here r 0 is the intrinsic anisotropy of the transition for a slowly reorienting molecule with θ ≫ τ. For sery313b we could determine the fluorescence lifetime τ from a streak-camera experiment, where a single exponential fit yielded a time constant τ of about 4 ns. The vanishing fluorescence anisotropy of this compound in aqueous solution fits well to the short rotational diffusion time θ ≈ 150 ps expected for molecules with the size of the used DPP compounds [37] . For the α-synuclein monomer and fibrils the orientational motion is much slower and in the order of θ = 1-2 ns and θ ≫ 10 ns respectively [38] . When sery313b is rigidly bound to the protein large values of r are expected. Indeed we find for sery313b combined with fibrillar α-synuclein that the fluorescence anisotropy rises to a value of r = 0.2. This large value points to a strong reduction of the rotational diffusion of sery313b and to strong interactions with the fibrils. At the same time, the negligible anisotropy of sery313b in solutions with monomeric α-synuclein indicates that sery313b does not bind rigidly to the monomers.
For the other DPP-compounds a similar behavior is found. Table 1 shows the fluorescence anisotropies of the investigated DPPcompounds. The measured anisotropies in solutions without proteins and with monomeric α-synuclein are very low. However, the combination with fibrillar α-synuclein leads to strong anisotropies of r = 0.2-0.3. These observations indicate that the compounds anle138b, anle186b and sery313b are rigidly bound to the α-synuclein fibrils.
Quantitative binding experiments with anle138b
In the pharmaceutical studies in mouse models anle138b has proven to be one of the most potent molecules for the treatment of neurodegenerative diseases. In this regard the interaction and in particular the dissociation constant K d and the stoichiometry of the binding of anle138b to aggregated structures of α-synuclein are of high interest. In general, these parameters are determined by titration experiments, where the binding ligand (in our case anle138b) is titrated to a solution with a defined concentration of receptor molecules [30, 39] . Due to the small solubility of anle138b in aqueous solution this approach cannot be performed. In order to obtain quantitative information on the dissociation constant K d and the stoichiometry of the binding process, concentration dependent fluorescence measurements were performed where the concentrations of compounds and protein were varied. Fig. 3 shows titration experiments where the fluorescence of anle138b at 345 nm is recorded for solutions with different concentrations of anle138b (100 nM, 250 nM, 500 nM). The concentration of the fibrillar stock solution was P s = 52 μM in this experiment. The fluorescence intensities of anle138b rise upon addition of α-synuclein fibrils, due to the interaction of the DPP-compound with the fibrillar aggregates. For high protein concentrations each curve saturates when all anle138b molecules are bound to the aggregated structures. This titration experiment was repeated in an independent control measurement with a fibrillar stock solution of P s = 21 μM.
The two titration measurements were modeled independently by Eq. (2) in a global fit procedure as described in Materials and methods [40] . From this modeling the dissociation constant K d = 190 ± 120 nM and the number B of α-synuclein units required to form one binding site in the fibrils can be obtained, B = 7.2 ± 2.2 (for details see SI). Apparently several α-synuclein units combined in the particular structure of the fibrillar aggregates are required to form one binding pocket. The dissociation constant in the 200 nM range and the number of α-synuclein monomers forming one binding site are small compared to results from investigations of thioflavin T. For the binding of thioflavin T to fibrils formed of the protein Aβ values of K d = 750 nM and B = 40.5 were determined [41] . The strong binding of anle138b to aggregated α-synuclein supports the key role of the interactions with misfolded α-synuclein in the therapeutic action.
Misfolded protein aggregates are considered to be a key element in the pathogenesis of neurodegenerative diseases, since they were 
Table 1
Fluorescence anisotropy at 345 nm of anle138b, sery313b and anle186b in buffer, in buffer with α-synuclein monomer and in buffer with α-synuclein fibrils. found to be cytotoxic [3] [4] [5] [6] or to induce the dysfunction of neurons and neuronal loss [7] . The binding of anle138b might inhibit aggregate growth and/or could reduce the toxicity of the aggregates and hamper disease progression as observed in in vivo experiments [16] . As small aggregates (oligomers) seem to be the most relevant toxic species in vivo, it is important to note that anle138b strongly reduced the amount of oligomers formed in vitro and in vivo [16] . However, whereas binding studies with fibrils can be done in a straightforward way, binding studies with oligomers are problematic as no protocols for the preparation of stable structures of high concentration oligomers are available and as various different oligomer species which differ in size and structure exist [42] . In preliminary experiments, we attempted to investigate the interaction of anle138b with a specific type of in-vitro generated α-synuclein oligomers [42, 43] , and did not observe a change in fluorescence representative for rigid binding. This could be due to e.g., a missing interaction of anle138b to this specific type of oligomer [43, 44] or due to no significant change of the fluorescence properties of anle138b upon binding, or a rapid disintegration of the oligomeric structure upon binding the DPP-compound. Studies with more elaborate techniques are required to treat this important subject. Nevertheless the observed inhibition of oligomer formation in vitro [16, 45] provides strong support for an important role of direct interactions of anle138b with oligomeric species as a relevant mechanism of action.
Photoreaction of anle138b
It is well known in fluorescence spectroscopy, especially for halogen-benzene compounds that extended UV-illumination could induce photoreactions [46] . Therefore we kept the illumination during the fluorescence experiments on a very low level (~228 nJ/ml), where potential photoreactions do not influence the fluorescence measurement itself. In this paragraph we investigate the stability and the photochemical properties of the compounds in more detail.
The aqueous solutions containing DPP-compounds were illuminated with light at 300 nm and the samples were analyzed by LC-MS (see LC-MS, supporting information). For the compound sery313b no photoreaction with accumulation of photoproducts could be observed even for strong illumination (absorbed dose~0.4 mJ/ml). In the case of anle186b illumination, LC-MS analysis demonstrated a slow decomposition of anle186b, but no distinct photoproduct could be identified. However, under almost the same illumination conditions (absorbed dose~0.6 mJ/ml) anle138b in water underwent a photo-induced dehalogenation reaction. LC-MS analysis of the products revealed that the bromine is substituted by an OH-group (see LC-MS, supporting information). In other words, anle138b is predominantly converted to sery313b, but at the same time the general decomposition seen for anle186b is also observed for anle138b. The photochemical reactions of anle138b were also investigated in DMSO (at an absorbed dose of 60 mJ/ml). In this solvent anle138b is also dehalogenated and based on LC-MS analysis three main products have been identified (see SI- Fig. 7 ). Apparently the UV-induced cleavage of the C-Br bond presumably leads to the formation of a radical, which further reacts with the compounds present in the mixture.
It should be noted that the observed behavior suggests using anle138b as a photo-crosslinking agent. E.g., when anle138b is bound to the α-synuclein fibrils photo-induced reactions with the peptide, with side chains or backbone, could allow obtaining structural information, for instance the location of the binding pocket.
For a more detailed analysis of the photoreaction of anle138b in aqueous buffer we studied the fluorescence of samples containing originally anle138b. We make use of the strong increase in fluorescence when anle138b is photo-converted (dehalogenated) to sery313b, which has much higher fluorescence yield (see Fig. 1 ). In Fig. 4 we plotted the emission as a function of the dose absorbed by the sample prior to recording. Each point represents the fluorescence induced by an absorbed illumination dose at 300 nm of 5 μJ/ml. Fig. 4, blue squares, shows the fluorescence of anle138b in aqueous buffer recorded at 345 nm. After a negligible emission with very low pre-illumination the fluorescence rises to the value known from sery313b. The reaction quantum yield Φ PC of the photo-conversion can be calculated from the initial rise of the fluorescence intensity with the absorbed illumination dose (see Materials and methods). The reaction quantum yield Φ PC is defined as the ratio of absorbed photons to the number of formed photochemical products (here sery313b). An unusually high value of Φ PC = 400% is found. This high value indicates a radical chain reaction where one absorbed photon leads to the conversion of ca. four molecules anle138b to sery313b [47] . The light induced reaction was also studied by fluorescence spectroscopy of anle138b dissolved in DMSO (see SI) where different products have been observed. In these measurements the reaction (dehalogenation) quantum yield is much lower and a value of Φ PC = 30% is found. When anle138b is illuminated in a solution containing monomeric α-synuclein at a concentration of 6.8 μM (Fig. 4 , red squares) we observe exactly the same rise in fluorescence as in the protein-free aqueous solution. Apparently anle138b is surrounded by water molecules and no indication for a distinct interaction with α-synuclein is found. Interesting features appear when anle138b is brought in contact with fibrils. In the experiment shown in Fig. 4 (green squares) fluorescence at 345 nm of anle138b in buffer solution is detected before and after the addition of 3.2 μM fibrils. The first (reference) point before the gray line was recorded prior to the addition of the fibrils and shows very weak emission. A strong increase in fluorescence intensity is observed upon addition of fibrils. Apparently, as mentioned above, the change in surroundings leads to a strong increase in fluorescence yield. The subsequent exposure of the solution (anle138b with fibrils) to 300 nm light leads to a reduction of the fluorescence intensity (see Fig. 4 , green squares). Obviously also for the anle138b molecule bound to fibrils a photoconversion occurs. The photoproduct has a smaller fluorescence than the original fibril-bound anle138b. The slope of the change in emission indicates that this photo-induced conversion is less efficient, than in the case of a fibril-free aqueous environment. This observation again indicates that the anle138b molecules, in the binding pocket of the fibrils, are shielded from the water environment.
Conclusion
In this paper the photophysical and photochemical properties of the three DPP-compounds anle138b, anle186b and sery313b and their interaction with solvents and with monomeric and aggregated α-synuclein were studied by fluorescence techniques. Measurements of the DPP-compounds in different solvents show that the fluorescence strongly depends on the physical properties of the environment. For DPP-solutions containing monomeric α-synuclein no change of the fluorescence properties and thus no indications for a specific interaction are found. In contrast, the DPP-compounds mixed with α-synuclein fibrils show a strong increase in fluorescence intensity and anisotropy. The analysis of concentration dependent emission reveals that only a combination of several (7.2 ± 2.2) α-synuclein monomers in the fibrillar aggregate forms one binding site for anle138b. These binding sites show a high binding affinity with K d = 190 ± 120 nM for anle138b. The fluorescence spectrum indicates that the binding site is hydrophobic. Here the bound anle138b is protected from the surrounding water molecules. Binding to the fibrils also modulates the photochemical dehalogenation reaction identified for anle138b. This observation again indicates that anle138b in the binding pocket is well shielded from water.
The missing interaction of the compounds to monomeric structures and the high binding affinity to fibrillar aggregates of the in vivo active DPP-compounds support the idea that the mode of action of these novel therapeutic agents might be related to the interaction with structural epitopes related to the formation of pathological aggregates. Furthermore, the compounds presented in this work, with their particular fluorescence properties, are promising candidates as fluorescence markers for the analysis of neurodegenerative diseases.
